Transfer of organelle DNA into the nuclear genome has been significant in eukaryotic evolution, because it appears to be the origin of many nuclear genes. Most studies on organelle DNA transfer have been restricted to evolutionary events but experimental systems recently became available to monitor the process in real time. We designed an experimental screen to detect plastid DNA (ptDNA) transfers to the nucleus in whole plants grown under natural conditions. The resultant genotypes facilitated investigation of the evolutionary mechanisms underlying ptDNA transfer and nuclear integration. Here we report the characterization of nuclear loci formed by integration of newly transferred ptDNA. Large, often multiple, fragments of ptDNA between 6.0 and 22.3 kb in size are incorporated into chromosomes at single Mendelian loci. The lack of chloroplast transcripts of comparable size to the ptDNA integrants suggests that DNA molecules are directly involved in the transfer process. Microhomology (2-5 bp) and rearrangements of ptDNA and nuclear DNA were frequently found near integration sites, suggesting that nonhomologous recombination plays a major role in integration. The mechanisms of ptDNA integration appear similar to those of biolistic transformation of plant cells, but no sequence preference was identified near junctions. This article provides substantial molecular analysis of real-time ptDNA transfer and integration that has resulted from natural processes with no involvement of cell injury, infection, and tissue culture. We highlight the impact of cytoplasmic organellar genome mobility on nuclear genome evolution.
Transfer of organelle DNA into the nuclear genome has been significant in eukaryotic evolution, because it appears to be the origin of many nuclear genes. Most studies on organelle DNA transfer have been restricted to evolutionary events but experimental systems recently became available to monitor the process in real time. We designed an experimental screen to detect plastid DNA (ptDNA) transfers to the nucleus in whole plants grown under natural conditions. The resultant genotypes facilitated investigation of the evolutionary mechanisms underlying ptDNA transfer and nuclear integration. Here we report the characterization of nuclear loci formed by integration of newly transferred ptDNA. Large, often multiple, fragments of ptDNA between 6.0 and 22.3 kb in size are incorporated into chromosomes at single Mendelian loci. The lack of chloroplast transcripts of comparable size to the ptDNA integrants suggests that DNA molecules are directly involved in the transfer process. Microhomology (2-5 bp) and rearrangements of ptDNA and nuclear DNA were frequently found near integration sites, suggesting that nonhomologous recombination plays a major role in integration. The mechanisms of ptDNA integration appear similar to those of biolistic transformation of plant cells, but no sequence preference was identified near junctions. This article provides substantial molecular analysis of real-time ptDNA transfer and integration that has resulted from natural processes with no involvement of cell injury, infection, and tissue culture. We highlight the impact of cytoplasmic organellar genome mobility on nuclear genome evolution. I ntracellular transfer of ancestral organelle DNA into the nuclear genome has been a driving force in eukaryote genome evolution. The transfer of DNA fragments from captured ancestral prokaryotes to the eukaryotic host genome has led to the acquisition of thousands of erstwhile prokaryote genes by the nucleus and the diminution of organelle genomes to small remnants (1) . Nonfunctional organelle DNA fragments are present in nearly all eukaryote nuclear genomes with some of the largest integrants representing entire chloroplast or mitochondrial genomes (2) (3) (4) (5) (6) (7) . Sequence comparisons of nuclear and organelle genomes suggest that the transfer of organelle DNA is an ongoing process (1) (2) (3) .
Organelle DNA transfer to the nuclear genome may use either RNA-mediated or direct DNA transfer processes. RNAmediated transfer of mitochondrial sequences to the nucleus has been inferred in higher plants because some organelle-derived nuclear genes more closely resemble edited mitochondrial mRNAs than mtDNA (8) (9) (10) ). An RNA-mediated process presumably requires reverse transcription to precede DNA integration into the nuclear genome. However, many nuclear mitochondrial DNA sequences (numts) and the analogous nuclear integrants of plastid DNA (nupts) are longer than any known organellar transcripts, arguing that DNA is directly involved in the relocation events (11) (12) (13) (14) (15) .
Once organelle DNA or cDNA is transferred to the nucleus, it may be integrated into nuclear chromosomes by mechanisms yet to be defined. Nonhomologous recombination is the dominant mechanism for the integration of heterologous DNA into nuclear DNA of higher eukaryotes by biolistics and via Agrobacterium transformation (16) (17) (18) . The involvement of this mechanism also has been inferred in the nuclear integration of organelle DNA sequences (14) , although the interpretation of such analyses is complicated by the presence of many preexisting organelle sequences in the nucleus and potential postintegrative rearrangement and sequence decay. With the advent of experimental systems to detect de novo plastid DNA (ptDNA) transfer (19, 20) , direct studies of the nuclear integration mechanisms are possible for the first time.
We investigated plastid-to-nucleus DNA transfer in the progeny of a higher plant, by inserting into the tobacco plastome two marker genes: aminoglycoside 3Ј-adenyltransferase (aadA) and a neomycin phosphotransferase gene containing a nuclear intron from the potato STLS gene (neoSTLS2). Seventeen independent kanamycin-resistant (kr) plants were obtained, and each of these plants possessed the native tobacco plastome and de novo nupt(s) (19) . Here we report the characterization of some of the de novo nupts, providing insight into mechanisms that promote ptDNA integration into nuclear DNA. fragment of kr5, and P1 and P3 were used for amplification of the kr10 nupt fragment.
Confirmation of the Origin of iPCR and Long-Range PCR Products.
Based on the sequences obtained from iPCR and long-range PCR products, new primers were designed to specifically amplify each junction sequence from total DNA of the respective kr plant and its progeny. Kanamycin-resistance status was assayed as described in ref. 19 . The primers used for junction confirmation are listed in Table 1 , and their locations in the transplastome are shown in Fig. 1 A except for the nuclear sequence Kr14F. The targeted junction sequences of these primers are J5-1a and J5-1b for PtF5 and PtF1, J5-2a and J5-2b for neoF3 and PtF3, J7a for PtF4 and PtF2, J10a for neoF2 and PtR1, and J14a for Kr14F and PtR1.
DNA Sequence Analysis. Products of PCR and iPCR were separated by gel electrophoresis, purified by using a QIAEX I Gel Extraction kit (Qiagen, Valencia, CA), and sequenced by using Applied Biosystems sequencing technology.
Results
Single and Multiple ptDNA Integrants at New Nuclear Loci. Southern analysis of DNA from 16 kr plants with neo and aadA probes revealed simple and more complex hybridization patterns after XbaI digestion (19) . Nine kr plants appear to contain single-copy inserts, and seven kr plants appear to include multiple copy inserts. Total cellular DNA of the latter (kr4, kr5, kr10, kr11, kr17, kr18, and kr19) was digested with DraI to determine the number of ptDNA integrants because there are no DraI sites within the aadA or neoSTLS2 genes (Fig. 1 A) . Fig. 1 B and C shows that two or three DraI fragments hybridize both neo and aadA probes in five kr plants (kr4, kr5, kr11, kr17, and kr19), indicating the presence of multiple nuclear integrants of newly transposed ptDNA. One plant (kr18) contained a neo-specific DraI fragment in addition to a second fragment, which hybridized both neo and aadA probes ( Fig. 1 B and C) , and another plant (kr10) contained a unique DraI fragment that hybridized both aadA and neo probes. The DraI fragment of kr10 was larger in size than that of the transplastome ( Fig. 1 A-C) , suggesting either a rearrangement of the transposed ptDNA or that the size of the ptDNA integrant is smaller than the DraI fragment of the transplastome. Subsequent analysis revealed the presence of multiple neo and aadA sequences in kr10 (see Figs. 4 and 5, which are published as supporting information on the PNAS web site).
Four DraI fragments that hybridized only to either the neo or aadA probe were observed in three kr plants (kr5, kr11, and kr18) with multiple integrants (Fig. 1 B and C) . In kr5, a 4.8-kb DraI fragment hybridized only to the neo probe, and an 11-kb DraI fragment hybridized only to the aadA probe. In kr11, a 9.7-kb DraI fragment hybridized weakly to the aadA probe only, and a 9.0-kb DraI fragment hybridized only to the neo probe in kr18. These results suggest that some separation of aadA and neoSTLS2 sequences occurred during the integration process.
To determine whether the multiple integrants behave as single genetic loci, DNA samples from 12 progeny of each kr plant were analyzed by Southern analysis (Table 2 and Fig. 4 ). These data demonstrate that different nupts may be highly variable in sequence organization and consist of complex, rearranged, multiple copies of ptDNA at single loci. However, evidence for meiotic recombination may be forthcoming after analyses of larger progenies.
Further molecular analyses were undertaken on nine kr plants anticipated to contain simple, single integrants. To determine whether the XbaI fragments that hybridize both neo and aadA probes in nuclear DNA from these plants are part of single continuous nupts, NcoI digestion and Southern analysis were used. The neo probe hybridized to two predicted NcoI fragments (5.9 and 3.4 kb) in the transplastome ( Fig. 1 A and D, lane tp17) . The identification of equivalent fragments in the nuclear genomes of kr plants suggests that the aadA and neoSTLS2 were transferred together on a continuous stretch of ptDNA. Seven kr plants (kr9 and kr12 shown in Fig. 1D together with kr3, kr8, kr13, kr14, and kr16 in ref. 19) , with single neo-and aadAhybridizing XbaI fragments, possessed both 5.9-and 3.4-kb neo-hybridizing NcoI fragments, except for kr14, which contained the 5.9-kb fragment and a fragment larger than 3.4 kb (19) . The 5.9-kb NcoI fragment in kr14 suggests a single ptDNA integrant containing the complete aadA and a large portion of neoSTLS2 (Fig. 2) . The remaining two plants, kr7 ( Fig. 1D) and kr6 (19) , contained two neo-hybridizing NcoI fragments differing in size from those of the transplastome. PCR analyses with primers located within aadA (aadAF) and neoSTLS2 (neoR1) amplified the predicted products from DNA of these two plants (Table 2 and data not shown), indicating that each harbors a nupt containing both aadA and neoSTLS2.
Taken together, these results demonstrate that both single and multiple ptDNA segments insert into the tobacco nuclear genome at similar frequencies (Table 2 ) and that complex rearrangements of integrant sequences occur in some cases.
New Nupts Are Generally Larger than the Transcripts of Selectable
Markers Present in the Chloroplast. Most newly transposed nupts analyzed were derived from the inverted repeat regions of the plastome linked to aadA and͞or neoSTLS2. This was expected because plants containing new nupts were identified by their resistance to kanamycin. To determine the length of the de novo nupts, the sizes of neo-and͞or aadA-hybridizing fragments were measured after digestion of total cellular DNA with DraI ( Fig.  1 B and C) and NcoI (Fig. 1D) (19) and compared with corresponding fragments of the transplastome. Four kr plants (kr5, kr11, kr17, and kr18) contained at least one continuous integrant of plastid origin that was identical in size to the DraI fragment present in the transplastome of the parent line tp7 ( Fig.  1 B and C) , indicating that each contains at least one nupt larger than 14.8 kb (Table 2) . Likewise, three kr plants (kr8, kr16, and kr19) contained at least one continuous integrant of plastid origin larger than 9.3 kb, consisting of two neo-hybridizing NcoI fragments (5.9 ϩ 3.4 kb), and five other plants (kr3, kr4, kr9, kr12, and kr13) contained at least one continuous integrant of plastid origin larger than 22.3 kb, encompassing the aadAhybridizing XbaI fragment (11.4 kb) and the neo-hybridizing XbaI fragment (10.9 kb) of the transplastome ( Fig. 1 A and Table  2 ). Further digestions with EcoRI, EcoRV, and SacI in combination with PCR were used to determine the minimum sizes of de novo nupts in kr6, kr7, kr10, kr14, kr18, and kr1 because the sizes of some nupts in these kr plants were different from the transplastomic neo-hybridizing NcoI fragments (Fig. 1D) (19) . The results of all these analyses indicated that each of the 17 kr plants contained at least one integrant larger than 6.0 kb with the longest integrant exceeding 22.3 kb in size (Table 2) .
Northern analysis of total cellular RNA from transplastomic lines tp7 and tp17 by using a double-stranded DNA neo probe revealed 3.3-and 2.2-kb transcripts that are larger than the correctly processed 1.2-kb transcripts present in RNA of a nuclear neoSTLS2 control line (Fig. 1E) . These plastidassociated neoSTLS2 transcripts are presumably the products of transcriptional read-through from the 35S promoter or the promoter(s) of adjacent plastomic gene(s). Two transcripts (1.0 and 1.4 kb) were detected in RNA of both transplastomic lines, using a double-stranded DNA probe for aadA (Fig. 1E) . No transcripts hybridized to both aadA and neoSTLS2 probes, Fig. 2 . Sequence structures of eight ptDNA integrants. Restriction sites are E (EcoRI), R (EcoRV), S (SacI), and X (XbaI). To specify different nupt fragments in the same kr plant, a hyphenated number was used for kr5-1, kr5-2, kr17-2, and kr18-2. Individual junctions were specified by the plant or fragment number with an additional letter (a, b, and c) if more than one junction was present. For clarity, direct linkage of two disparate chloroplast sequences in kr7 and kr10 is highlighted with a vertical black line. Primer sites (singleheaded arrows) for long-range PCR are indicated. Different filled boxes represent the origin of the sequences. indicating that the transplastomic plants do not produce RNA molecules that encompass both genes. Therefore, we conclude that these large, de novo nupts were unlikely to have originated via an RNA intermediate. However, it is possible that smaller, RNA-mediated transfer events may also have occurred, but such events are less likely to include an entire neoSTLS2 gene and, hence, may not be detected in the screen (19) .
ptDNA Integration Involves Nonhomologous Recombination and Sequence Rearrangement. To gain further insight into the nature of the integration events, a total of 14 nuclear genomic DNA junctions were obtained by iPCR or long-range PCR from seven kr plants. The authenticity of the iPCR and long-range PCR products, which contained seven new junction (J) sequences (J5-1a, J5-1b, J5-2a, J5-2b, J7a, J10a, and J14a) from four kr 
The number of integrants was determined by DraI-digested total cellular DNA hybridized separately to neo and aadA probes as shown in Fig. 1 B and C. Minimum size estimates of integrants were determined by presence or absence of aadA-or neo-hybridizing restriction fragments with the same size as the parental transplastome. DNAs were restricted with the following enzymes and the size of contiguous transplastomic restriction fragments indicated in parentheses by nucleotide locations in the second inverted repeat of the tobacco plastome sequence (Genbank accession no. Z00044); DraI (130,515-142,414), EcoRI (138,541 or 141,675), EcoRV (140,951), NcoI (136,831 or 143,256), or XbaI (130,138 or 149,189). The minimum sizes for the 5Ј and 3Ј ends of each integrant, where known, are shown in columns labeled as minimum size 5Ј and 3Ј ptDNA. For integrants in which the end of the transplastomic fragment has been precisely determined by cloning and sequencing, the terminal 5Ј and 3Ј nucleotide positions are provided with sequence accession numbers (columns labeled 5Ј and 3Ј ptDNA termination). Presence of complete aadA (1206 bp) and neoSTLS2 (1696 bp) sequences are indicated by ''ϩ'', partial sequences of these genes are indicated by ''ϩ/Ϫ,'' and a complete absence is indicated by ''Ϫ.'' ND, not determined. The number of loci was determined by segregation analysis of 12 progeny.
plants was established by monitoring cosegregation of the junctions with the kanamycin-resistance phenotype in the appropriate family (see Figs. 2 and 5 ). The confirmation of the origin of the iPCR products containing four additional junction sequences (J1b, J17-2b, J17-2c, and J18-2a) in three kr plants (kr1, kr17, and kr18) are described in ref. 19 .
Eleven of the 14 junctions identified (Fig. 2) were transplastomic͞nuclear junctions (J1a, J5-1a, J5-1b, J5-2a, J5-2b, J14a, J17-2a, J17-2b, J17-2c, J18-2a, and J18-2b) and two (J1b and J10a) were transplastomic͞transplastomic junctions. The components of J7a remain uncertain because one of two ptDNA fragments involved had no direct physical linkage to either aadA or neoSTLS2 sequences. Therefore, although the two disjunct ptDNA fragments could have inserted at the same time, it is possible that the insertion was into a preexisting nupt.
A number of junction sites arose from nonhomologous recombination and͞or by rearrangements of the transplastomic fragments in the nucleus as illustrated in Fig. 2 . Two pieces of ptDNA from disparate regions of the plastome are directly joined together in kr7 and kr10, and one aadA-and neoSTLS2-containing ptDNA fragment is joined to a partial duplication of the same fragment in kr1. The two nupt fragments (kr5-1 and kr5-2) in kr5 consist of two distinct pieces of ptDNA joined together by short (55 and 25 bp, respectively) sequences of unknown origin. A 2.9-kb nupt (kr18-2) was found to contain only the neoSTLS2 gene. These molecular data confirm Southern and genetic analysis and establish the existence of both simple integrants and complex rearrangements of one or more ptDNA fragments at single loci within the kr plant set.
A range of sequence features were observed near the junction sites. Sequence alignments of three transplastomic͞transplas-tomic junctions (from J1b, J7a, and J10a) revealed 2-5 bp of homology near the junctions (Fig. 3) . A 2-bp homology was also found at the J5-1b transplastomic͞nuclear junction (Fig. 3) . Such microhomology is a feature often associated with nonhomologous integration in experimental transformation of plant nuclear DNA (17, 22) . A 12-bp palindromic sequence is present at the transplastomic͞nuclear junction of J14a (Fig. 3) , which may have promoted ptDNA insertion.
All transplastomic DNA sequences adjacent to junction sites terminated at different, apparently random, positions of the transplastome with no insertional preference for AT-or T-rich sequences as previously observed in biolistic-and͞or Agrobacterium-mediated DNA integration (22) (23) (24) (25) (26) .
More complex sequence features were observed at J18-2a and J18-2b junctions. The first 25-bp of nuclear DNA downstream of J18-2b (the uppercase letters underlined in Fig. 3) were similar to the adjacent 3Ј ptDNA sequence of the nupt (the lowercase letters underlined in Fig. 3 ). The ptDNA sequence at this junction differed from the nuclear counterpart by a 9-bp insertion͞deletion and two nucleotide substitutions (the residues not underlined in Fig. 3) . A further 13-bp nuclear sequence upstream (dotted line above the residues in Fig. 3 ) also was similar to the 3Ј terminus of the ptDNA sequence of kr18-2 except for two nucleotide substitutions, suggesting that the synthesis of short segments from neighboring ptDNA or nuclear DNA may have been involved in the integration process (27, 28) . In addition, an inverted 188-bp sequence derived from neoSTLS2 with some rearrangements (a 6-bp deletion of the neoSTLS2 sequence and a 10-bp insertion of an unknown sequence) was located 463 bp downstream of J17-2a (Fig. 2) (EMBL accession no. AJ517467). The 5Ј end of this sequence started at the neoSTLS2 intron (J17-2b in Fig. 3) , and its 3Ј end (J17-2c) terminated in the 19-bp imperfect palindrome of the CaMV 35S promoter at the exact nucleotide previously identified as a hot spot for recombination in rice transformation experiments (17) . Discussion DNA Molecules Are Involved in ptDNA Transposition. Sequence analysis of ptDNA integrants in the tobacco nuclear genome resulting from 17 independent transfer events suggests that, for the most part, the process involves DNA molecules directly. Several lines of evidence support this conclusion, including the relatively large size of the majority of the integrants (Ͼ6.0 to Ͼ22.3 kb), which contain both aadA and neoSTLS2 genes that are frequently flanked by extensive ptDNA sequences (Table 2 ). In addition, there are no detectable transcripts containing linked aadA and neoSTLS2 sequences (Fig. 1E) . These results make RNA an unlikely intermediate molecule in the transposition process. Although RNA-mediated transfer has been inferred in some functional gene transfers from mitochondria in higher plants (8) (9) (10) , there is little evidence of RNA-mediated ptDNA transfer to the nucleus or mitochondrion.
Mechanisms of ptDNA Integration into the Nuclear Genome. The variety of organization of de novo nupts (Table 2 and Figs. 2 and  3 ) reveals the diversity of events that must have occurred before or during nuclear integration of ptDNA. These include nonhomologous recombination between transferred ptDNA fragments (kr1, kr5, and kr10); scrambling of transplastomic DNA sequences in the nuclear genomic DNA (kr17-2); incorporation of filler DNA between disjunct regions of ptDNA (kr5-1), from neighboring ptDNA (kr18-2), or from an unknown source (kr5-2); formation of complex nuclear loci with multiple ptDNA integrants ( Table 2) ; and the presence of microhomology (2-5 bp) near the transplastomic junctions (J1b, J5-1b, J7a, and J10a). The junction sequences display many of the hallmarks of nonhomologous recombination, and their organization is reminiscent of nuclear integrants after biolistic and T-DNA delivery (27, (29) (30) (31) (32) , although they show no sequence preference for the ATand T-rich sequences observed in both biolistic and T-DNA transformation (22) (23) (24) (25) (26) . We have not been able to obtain a complete picture of any native integration sites before nupt insertion, although several nuclear junctions were obtained. The acquisition of the preinsertion sites is severely hampered by sequence complexity at the target site (e.g., repeat sequences flanking the new nupt fragments), the preexistence of abundant nupts in tobacco (12) , sequence deletions͞insertions at the preinsertion sites (16, 33) , and multiple new ptDNA fragments involved in the same integration event.
Nonhomologous recombination and random integration of organelle DNA into the nuclear genome have been proposed to account for the presence of microhomology (2-9 bp) in the junctions between more anciently transferred ptDNA (11) and mtDNA (13, 14, 34) . Similar microhomology (2-4 bp) was identified at mtDNA͞nuclear and mtDNA͞mtDNA junctions in yeast chromosomal DNA when double-strand breaks were introduced (2) . The essentially random distribution of historically transferred mtDNA in the yeast genome (2) and mtDNA and ptDNA in rice chromosome 10 (6) argues against site-selective integration of organelle DNA.
Insertion of Single Versus Multiple ptDNA Fragments at Single Nuclear
Loci. Eleven of 17 kr plants in this study contain a single ptDNA integrant in their nuclear genomes. However, 2 of those 11 plants (kr1 and kr10) contain two separate transplastomic fragments, and another (kr7) may contain a second transplastomic fragment (Table 2 and Fig. 2) . Therefore, approximately half of the de novo nupts (8 among 17 events) result from a single ptDNA fragment insertion. The ratio of single to multiple fragments is close to that observed when foreign DNA inserts after biolistics without selection (35) but generally lower than that observed with antibiotic selection (36, 37) . It is notable that nearly half of the nupts possess multiple inserts at single nuclear loci as is common in biolistic and T-DNA transformation (31, 38, 39) . This finding indicates that the insertion of multiple incoming DNA fragments adjacent to each other at a single site is an inherent cellular process in higher plants and not a consequence of experimental manipulation. The integration process clearly does not discriminate between intracellular organelle DNA and foreign DNA. Consequently, modern experimental gene manipulation utilizes cellular mechanisms that have been operating in endosymbiotic evolution for up to two billion years (1) . Further understanding of the mechanisms and pathways involved in DNA integration is necessary to control the complexity of transgene loci.
Significance of ptDNA Transfer and Integration. The ptDNA transfer and integration events investigated in this study took place under natural growth conditions. There was no involvement of agrobacterial infection, biolistic injury to cells, or tissue culture, all of which could perturb the process (31, 40, 41) . Therefore, the nupts analyzed here truly reflect natural ptDNA-to-nucleus transfer and provide unique insights into the normal cellular processes responsible for the incorporation of DNA into the nuclear genome (1) . The transfer of plastid sequences to the nucleus generates genetic diversity amongst progeny and possibly makes every plant unique when it occurs in somatic cells (20) . Although most nupts are nonfunctional initially and gradually decay, a small proportion of nupts is known to evolve into novel functional nuclear genes that account for thousands of those resident in the nucleus (1).
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